The purpose of this study was to assess the accuracy of a quantitative two-dimensional range-gated Doppler echocardiographic method for estimating systemic and pulmonary flows in an open-chest canine preparation with a variable-sized atrial level shunt mimicking an atrial septal defect. In addition, we also report our initial experience with 10 children who had isolated atrial septal defects and who had pulmonary and systemic flow ratios (QP:QS) determined by Doppler echocardiography simultaneously with green dye-shunt calculations in the cardiac catheterization laboratory. Ten mongrel dogs weighing 20 to 30 kg were anesthetized, intubated, and mechanically ventilated. Previously calibrated electronmagnetic flow probes were placed around the ascending aorta and main pulmonary artery, and an atrial level shunt was created by inserting one-half inch diameter cannulae into the left and right atrial appendages and connecting both cannulae to ¾/4 inch tubing that passed through a Address for correspondence: Lilliam M. Valdes-Cruz, M.D., De-open-chest canine preparation with an atrial level shunt partment of Pediatrics, University of California-San Diego. School of of variable size, and (2) to present our initial experi-Medicine T-008A.
previously calibrated extracorporeal mechanical roller pump. This permitted quantitation as well as regulation of shunt size and direction. With each step-by-step variation in shunt magnitude, systemic and pulmonary flows were estimated by Doppler echocardiography and were matched to the simultaneous electromagnetic flowmeter recordings. Doppler-estimated systemic blood flow was obtained by imaging and recording Doppler flow velocities in the ascending aorta with the transducer positioned directly over the vessel. Doppler pulmonary flow was obtained by imaging the main pulmonary artery on the short-axis view and by determining flow velocity with the sample volume placed distal to the pulmonic valve. A total of 32 interatrial shunts were produced in the 10 dogs. Aortic flows as determined by electromagnetic flowmeter ranged from 0.4 to 3.0 1/min, pulmonary flows ranged from 0.8 to 4.7 1/min, and QP:QS ratios ranged from 0.9:1 to 5.5:1. Excellent correlations were found between values determined by Doppler echocardiography and by electromagnetic flowmeter for ascending aortic flow (r = .96, SEE = 0.19 1/min), pulmonary flows (r = .97, SEE = 0.28 1/min), and QP:QS ratios (r = .96, SEE = 0.28). In the 10 patients with isolated atrial septal defects, QP:QS ratios determined by dye curves ranged from 1.6:1 to 4.8:1. The linear correlation comparing QP:QS ratios determined by Doppler echocardiography with those obtained by catheterization demonstrated a correlation coefficient of .91 with an SEE of 0.3:1. Our study validates the accuracy of a twodimensional Doppler echocardiographic method for estimating pulmonary and systemic blood flows and their ratios in the presence of atrial level shunts. Circulation 69, No. 1, [80] [81] [82] [83] [84] [85] [86] 1984 . NEW GENERATION two-dimensional Doppler echoown recent work indicates that Doppler echocardiogcardiographic scanners with quantitative spectral anal-raphy can also be used to estimate systemic and pulmoysis outputs of the Doppler signal appear to provide a nary flows even in the presence of large shunts at method for measuring cardiac output in animal prep-ventricular and extracardiac levels.5 6 The purpose of arations and humans over a wide range of flows.A 1Our this study was twofold: (1) to assess the accuracy of pulmonary and systemic flows measured by a two- dimensional Doppler echocardiographic method in an dye-curve shunt determination in 10 children with isolated atrial septal defects.
Methods
Surgical technique in the animal preparation. Ten mongrel dogs weighing 20 to 30 kg were anesthetized with sodium pentobarbitol (30 mg/kg). intubated. and ventilated with a standard volume pump. A midline sternotomy was performed and the pericardium was opened. The ascending aorta and main pulmonary artery were cleaned of fat and adventitia, and appropriately sized electromagnetic (EM) flow probes (Gould-Statham SP 2204) previously calibrated against a mechanical roller pump were placed around each vessel. One-half inch cannulae were introduced into the right and left atrial appendages through stab incisions and were sutured in place. The cannulae were connected to 3/4 inch tubing that passed through a mechanical roller pump. The roller pump had been previously calibrated with a stopwatch and graduated cylinder and could then be set to achieve interatrial shunt flows of varying magnitude and direction (figure 1).
Continuous EM flowmeter recordings served as the reference standard for comparison with Doppler-calculated flows. Adequate contact of both EM flowmeter cuffs with the vessels was verified by recording phasic aortic and pulmonary flow traces at the time of determinations by Doppler echocardiography. After each step-by-step variation in shunt size, the animal was allowed at least 2 min so that the EM flowmeter readings were stabilized at the new flow rates. Systemic and pulmonary Doppler flow measurements were then obtained from RR matched beats as described below for each shunt magnitude and were matched to the simultaneous EM flowmeter recordings to permit calculation of pulmonary and systemic flow ratios (QP:QS) by both methods.
Clinical and cardiac catheterization method. Ten consecutive children in whom isolated atrial septal defect was diagnosed and who were undergoing cardiac catheterization for shunt quantitation were studied by Doppler echocardiography. All underwent cardiac catheterization after routine light sedation, and their shunt sizes were quantitated with standard forward green dye curves.7 Between two successive dye-curve determinations, systemic and pulmonary Doppler flow measurements were obtained as described below. The results of Doppler echocardiography were matched to each other and to the simultaneous dye-curve measurements to permit calculations of QP:QS ratios by both methods.
Methods of ultrasound and Doppler echocardiography. Ultrasound imaging and Doppler echocardiographic studies were performed with a prototype of a commercially available range-gated pulsed Doppler echocardiographic unit (Electronics for Medicine; Honeywell). The unit contains a 3.5 MHz single element transducer mechanically swept through a 30 to 75 degree arc to achieve real-time two-dimensional echocardiographic imaging at 30 frames/sec. The scanner could be stopped along any line within the image and a sample volume could be positioned at any depth along that line; this permitted precise localization of the sample volume and determination of the angle of Doppler sampling relative to the direction of flow within the plane of imaging. The sampling angle relative to the direction of flow within the elevational or azimuthal plane, that is, the plane perpendicular to the plane of imaging, could not be determined; however, small deviations from sampling exactly parallel to flow (angles of 0 or 180 degrees) were of no practical importance since the cosine of the sampling angle would still be close to unity (see formula 1). Sample-volume length varied between 2 mm and 2 cm and was usually 5 mm in these studies. Sample-volume width in a water tank at 6 dB was + 2 mm at a depth of 4 to 8 cm.> The operational mode of the scanner could be switched rapidly from real-time imaging to Doppler-mode imaging. In pulsed Doppler mode, signals were sampled at a pulse repetition frequency of 19,500 samples/sec when the signal was obtained from a depth less than 4 cm, resulting in a maximal nonambiguously detectable velocity of + 220 cm/sec; at a depth of 4 to 8 cm, signals were sampled at a frequency of 9750 samples/sec. resulting in a maximal nonambiguously detectable flow velocity of 110 cm/sec at a sampling angle of 0 degrees.
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Statistical analysis. Linear correlation was used to compare pulmonary and systemic flows and QP:QS ratios obtained by Doppler echocardiography to the reference standards. Paired t tests were used to analyze measurement repeatability and interobserver variability.
Results
Animal preparation. A total of 32 interatrial shunts were produced in the 10 experimental animals. We recorded a minimum of two and a maximum of eight shunts in each animal. Aortic flows determined by EM flowmeter ranged from 0.4 to 3.0 1/min. Pulmonary flows ranged from 0.8 to 4.7 1/min, and QP:QS ratios ranged from 0.9:1 to 5.5:1.
Three measurements of ascending aortic flow determined by Doppler echocardiography were discarded because of poor images that were inadequate for determining aortic vessel diameter, and one determination of pulmonary flow was discarded because of a poor quality flow trace determined by Doppler echocardiography. This resulted in 29 Doppler systemic blood flows ranging from 0.35 to 2.8 1/min (mean = 1.56, SE = 0. 14 1/min); 31 pulmonary flows ranging from 0.81 to 4.83 1/min (mean = 2.38 ± 0.21 1/min), and 28 determinations of QP:QS ratios by Doppler echocardiography ranging from 0.9 :1 to 5.5:1 (mean = 1.7:1 -+-0.2). Peak aortic flow velocities determined by Doppler echocardiography ranged from 20.7 to 120 cm/sec with a mean spectral width at + 6 dB of 8.7 cm/ sec. Peak pulmonary flow velocities ranged from 33.5 to 120 cm/sec with a mean spectral width ( + 6 dB) of 10.9 cm/sec. Thus, curves of pulmonary flow measured at the main pulmonary artery, even in the presence of large atrial level shunts, resulted in velocities well within the Nyquist limit of the ultrasound system, which we were able to trace and quantitate.
Patient data. Measurable green-dye and Doppler-determined data were obtained from the 10 children. QP:QS ratios determined by dye curve ranged from 1.6:1 to 4.8:1 (mean = 2.3:1). Angle-corrected peak aortic flow velocities determined by Doppler echocardiography ranged from 60.7 to 150 cm/sec, with a mean spectral width of 9.2 cm/sec. Angle-corrected peak pulmonary flow velocities ranged from 71.8 to 175.6 cm/sec, with a mean spectral width of 15.4 cm/ sec. In two patients, velocities recorded at a sampling depth of 4 to 8 cm were above the Nyquist limit. In these patients, acceptable recordings were obtained by changing to a 2.25 MHz transducer, which provided a Nyquist limit of 167 cm/sec at a depth of interrogation of 4 to 8 cm. Thus, in our patient population, we were able to quantitate pulmonary blood flow within the main pulmonary artery even in the presence of large left-to-right shunts of the magnitude of 4.8:1. Interobserver variability and errors of repeatability. All measurements were highly repeatable. The standard error of the mean testing repeatability was less than 5% when duplicate measurements by one observer on a given record were compared. Furthermore, interobserver variability was less than 5% for data from both our animal and human studies.
Discussion
Our study shows that range-gated two-dimensional Doppler echocardiography with fast Fourier transform spectral analysis of the Doppler frequency shift can provide accurate measurements of systemic and pulmonary blood flows and QP:QS ratios even in the presence of high-flow atrial level shunts.
Our earlier work' 6 8 and the efforts of other inves-tigators9-'' have suggested that two-dimensional Doppler echocardiography accurately measures systemic and pulmonary flows in the intact circulation, as well as in the presence of large ventricular or extracardiac shunts. In the presence of ventricular defects or extracardiac shunts, however, we demonstrated that pulmonary flows had to be quantitated as pulmonary venous return at the mitral valve, because the Doppler flow curves from the main pulmonary artery showed velocities beyond the Nyquist limits of the scanner we used, as well as significant spectral dispersion that made them untraceable. 9 In the presence of an atrial shunt, however, flow at the mitral orifice would not represent pulmonary venous return, since the shunt occurs proximal to the mitral valve. Consequently, the pulmonary artery or tricuspid valve would be the only sites available for measurement of pulmonary blood flow. In this study, we have demonstrated that even in very large atrial shunts, flow velocities in the pulmonary artery showed only minimal spectral dispersion, remained within the Nyquist limits of the pulsed Doppler system, and therefore could be quantitated. As in our earlier studies,'4 our greatest difficulty was in measuring the vessel diameters. This study was conducted with a prototype equipment not optimized for near-field imaging, resulting in transducer artifacts that were exaggerated in the stop-frame image. Recently a second-generation instrument with better Vol. 69. No. 1, January 1984 near-field imaging has resulted in improved accuracy of vessel imaging.8
Although our animal preparation with the atrial level shunt was not strictly comparable to a true atrial septal defect in anatomic or physiologic terms (since shunt flow through the roller pump did not vary during the cardiac cycle), it nonetheless allowed us to vary shunt size and direction. As a result, we were able to validate this method of Doppler echocardiography over a wide range of atrial flows. Consequently, our work with animals served as the basis for our patient studies. The encouraging results of our initial human trials served to confirm its validity in the clinical setting.
In conclusion, our study demonstrates the accuracy of a two-dimensional Doppler echocardiographic method for measuring pulmonary and systemic flows . . 0 0.5 1 1.5 2 EM Flow (Umin) 9 .11, , ' g 0,,'. D VT and their ratios in atrial level shunts, both in an animal preparation and in the clinical setting. Our results suggest that this method may be useful for the noninvasive estimation of pulmonary and systemic flows in patients with atrial septal defects.
